A polymerase chain reaction (PCR) assay for the detection of toxigenic Pasteurella multocida in nasal and tonsillar swab specimens collected from pigs was developed. Target DNA was isolated with guanidine thiocyanate and diatomite, and 2 primer sets derived from sequences in the gene that encodes the dermonecrotic toxin-of P. multocida were used simultaneously. The method was adapted to microtiter plate format allowing large-scale use of the PCR assay. To identify false-negative test results caused by failure of amplification, a From the Institute for Animal S cience and Health, PO B ox 65,
positive control template was constructed that was spiked to each DNA sample. The PCR assay was evaluated with clinical samples and compared with 2 routinely used methods for detection of toxigenic P. multocida: isolation from a selective agar and direct detection of the toxin in extracts of primary cultures by an enzymelinked immunosorbent assay (ELIS A). The sensitivity of the PCR assay was tested with 3 46 nasal and tonsillar swabs specimens collected from pigs of 9 herds known to be infected with toxigenic P. multocida. Toxigenic P. multocida was isolated from 2 2 specimens, only 2 8 specimens tested positive in ELIS A, but 40 tested positive in the PCR assay; thus the PCR assay is the most sensitive of the 3 methods. The specificity of the PCR assay was tested with 3 72 swab specimens collected from pigs of 6 herds certificated to be free from toxigenic P. multocida. Toxigenic P. multocida was not isolated from any of these specimens, all tested negative in ELISA, and 370 tested negative in PCR. The 2 positive specimens came from 2 pigs of 1 litter and tested only weakly positive in the PCR assay. From these results, it was concluded that the PCR assay is not only highly sensitive but also highly specific.
Atrophic rhinitis is a major respiratory disease in are participating in the program, so many specimens pigs that causes severe economic losses to the pig rear-must be tested every year. ing industry. The disease is characterized by sneezing, Toxigenic P. multocida in pigs is usually detected by nose bleeding, shortening or twisting of the snout, at-isolation of P. multocida from primary cultures of nasal rophy of the nasal turbinate bones, and in severe cases or tonsillar swab specimens on selective agar. Isolates impaired growth. B ordetella bronchiseptica and Pas-are then tested for DNT. For this purpose, several tests teurella multocida strains that produce the dermone-can be used, including the guinea pig skin test, 4 cell crotic toxin (DNT) are recognized as etiologic agents culture assays, 1 8,22 and enzyme-linked immunosorbent of atrophic rhinitis. Only toxigenic P. multocida strains assays (ELISAS) . 7, 8 The procedure for isolation is lengthy week before final results are available) and atrophic rhinitis, and P. multocida strains that do not produce DNT do not cause disease. 4,1 7 insensitive (P. multocida is easily overgrown by other micro o rg anisms present in the sw ab specimens). The Netherlands is conducting a certification pro-Therefore, alternative, more sensitive methods have gram for atrophic rhinitis in breeding herds. Three been developed. For example, P. multocida can be selectively isolated via mice and the isolate tested for the times each year, herds are screened for the presence of toxigenic P. multocida. If the bacterium is not isolated toxin, 1 6 or the toxin can be directly detected in primary cultures by an agar overlay method with embryonic for 2 consecutive years and if some other prerequisites are met, the breeder obtains a certificate that declares bovine fibroblasts 3 or in extracts of primary cultures that herd free from toxigenic P. multocida. Many herds by an ELIS A. 6 Of these procedures, the ELIS A is the most sensitive and rapid. 6 The gene that encodes the DNT, toxA, has been isolated and sequenced.
2,1 0-1 2,1 9,20 Hybridization studies incomplete or highly mutated gene. 9 Furthermore, some of the probes that were derived from the toxA gene hybridized with sequences in Escherichia coli, Klebsiella pneumoniae, and S almonella typhimurium. 9 In this report, we describe a PCR assay suitable for large-scale detection of toxigenic P. multocida in nasal and tonsillar swab specimens of pigs. In this assay, 2 primer sets derived from sequences in the toxA gene were used simultaneously. Target DNA was isolated and purified from clinical samples by a method described previously. 1 This method uses guanidine thiocyanate (GuS CN) to lyse bacteria and to inactivate nucleases and diatomite to bind released DNA. The method was adapted to microtiter plate format to allow large-scale use of the PCR assay. To identify falsenegative PCR amplification, each target DNA sample was spiked with a positive control template. The PCR assay was evaluated with swabs specimens collected from pigs of herds known to be infected with toxigenic P. multocida and herds certified free from toxigenic P. multocida. The PCR assay was compared with the 2 routinely used methods for detection of P. multocida, isolation from a selective agar and direct detection of the toxin in extracts of primary cultures by an ELIS A. 6 Materials and methods Isolation of toxigenic P. multocida. Nasal and tonsillar swabs were streaked on selective CGVA plates: Tryptone S oy agar a with 7% defibrinated sheep blood, 0.75 mg/liter clindamycin HCl, 0.75 mgliter gentamycin sulfate, 4 mg/ liter vancomycin HCl, and 5 mg/liter amphotericin. Plates were incubated for 48 hr at 3 7 C. S uspected colonies were subcultured and tested for their smell, indole production, and fermentation of glucose. Colonies that tested positive were further tested for production of DNT by ELIS A.
ELISA for detection of DNT. A double-antibody sandwich ELISA, with monoclonal antibody CVI-PmDNT 601 1 1 1 8 as catching antibody, a polyclonal rabbit anti-DNT-Ig conjugated with horse radish peroxidase 8 as detecting antibody, and hydrogen peroxide plus 3 ,3 ',5,5'-tetramethylbenzidine as substrate and chromogen, was used to detect the toxin. The ELIS A was used to detect DNT in extracts of isolated P. multocida strains and in extracts of total primary cultures on CGVA plates. 6 To prepare the extracts, the bacterial growth of a CGVA plate was suspended in 2 ml extraction buffer (0.01 M phosphate buffer, 0.5 M NaCl, 0.1 % Tween 2 0 [pH 7.2 ]) and incubated at 3 7 C for 2 hr. The suspension was centrifuged, and the supernatant was tested for DNT.
Primer sets. Three primer sets in different regions of the toxA gene were custom synthesized b and had the following sequences: primer set 1 : 5'-GGTCAGATGATGCTAGA-TACTCC and 5 'CCAAACAGGGTTATATTCTGGAC; primer set 2 : 5'CTCAAGAAGTAAAGGCATAGCTC and 5'-GAGTTTTGGAATGCCACACCTC; and primer set 3 : 5'-CAAGTCTTAACTCCTCCACAAGG and 5'-GGGC-TTACTGAATCACAAGAGCC. Primer set 1 resulted in an amplified fragment of 3 3 8 base pairs (bp), primer set 2 in a fragment of 2 81 bp, and primer set 3 in a fragment of 2 1 7 bp. The positions of the amplified fragments in the toxA gene are shown in Fig. 1 . The specificity of the primers was tested in a standard PCR cycle program with annealing temperatures of 55 C, 62 C, and 65 C on lysates 1 3 of toxigenic and nontoxigenic strains of P. multocida and strains of Actinobacillus pleuropneumoniae, A. suis, B. bronchiseptica, E. coli, K. pneumoniae, Proteus vulgaris, Pseudomonas aeruginosa, S almonella typhimurium, and S treptococcus suis type 2 . 9 DNA amplification. Amplification of the DNA was performed in 50 l of a reaction mixture that contained 1 0 mM Tris/HC1 (pH 9.0), 50 mM KCl, 0.01 % gelatin, 2 .0 mM MgCl 2 , 0.2 mM of each dNTP, c 0.3 M of each of the primers, and 1 0 U/ml Taq DNA polymerase. d Reaction mixtures were overlaid with a drop of paraffin oil. In the beginning of this study, the PCR amplification was performed in Eppendorf tubes in a DNA thermal cycler e with a program of 32 cycles of 3 0 sec at 95 C, 1 min at 65 C, and 2 .5 min at 72 C followed by 1 cycle of 2 0 min at 72 C and holding at 4 C. Later, PCR amplification was performed in titergene thermostable microtiter plates f in a thermocycler, g which has heating blocks of microtiter plate format. The program used was 3 2 cycles of 3 5 sec at 94.8 C, 75 sec at 63 .4 C, and 1 60 sec at 71 .8 C followed by 1 cycle of 20 min at 72 C, which mimics the program used with the Eppendorf tubes. To minimize nonspecific annealing, the PCR mixtures were prepared and kept on ice before put in the thermocycler, which was preheated to 80 C. After amplification, 2 5 l of each mixture was analyzed after electrophoresis in a 2 % agarose gel with ethidium bromide in 40 mM Tris/acetate and 2 mM ethylenediamine tetraacetic acid (ETDA) buffer. Gels were viewed and photographed under UV light.
Measures to prevent contamination. To minimize the risk of contamination, aerosol-resistant pipette tips f were used, and the PCR assay was performed in a strict order in 3 separate rooms. In the 1 st room, the buffers and the PCR mixtures were prepared. In the 2 nd room, clinical samples were processed and added to the PCR mixtures. In the 3 rd room, the DNA was amplified and the PCR products were analyzed. Each test run included negative control swabs to detect contamination.
S ensitivity of the PCR amplification. The sensitivity of the PCR amplification was determined with P. multocida strain 47459. 1 0 We used 1 0-fold serial dilutions of purified chromosomal DNA 1 0 and 1 0-fold serial dilutions of a 1 6-1 8-hr culture in brain-heart infusion broth, h which were lysed as previously described. 1 For large-scale use of the PCR assay, target DNA was isolated and purified using a modification of the multiscreen method. 2 1 Nasal and tonsillar swab specimens were transported to the laboratory in cooling boxes in 875 l phosphatebuffered saline (PB S ) per swab. Within 1 2 hr after sampling, 1 25 l of a hyaluronidase j solution of 1 .2 5 mg/ml was added to each swab, and the swabs were incubated overnight at 3 7 C. Next, the suspensions were vortexed and the swabs were removed. Fifty microliters of the suspensions was pipetted into the wells of a microtiter plate. To each well, 1 43 l L6 lysis buffer and 7 l of the diatomite suspension were added. After incubation at room temperature for 1 hr, the samples were transferred with a multichannel pipette into a multiscreen plate with 0.65-m filters as bottoms of the wells. k The multiscreen plate was placed onto a vacuum manifold. k Unbound material and fluids were sucked through the filters by a vacuum pump into a 1 -liter waste bottle with 1 00 ml 1 0 M NaOH to prevent the development of HCN. Diatomite-DNA complexes were washed twice with 2 00 l L2 washing buffer, 5 times with 2 00 l 70% ethanol, and once with 2 00 l acetone. Then the multiscreen plate was removed from the vacuum manifold, and drops of acetone underneath the plate were removed with a tissue. The plates were placed in an incubator at 56 C for 1 0-1 5 min until the diatomite DNA complex was dry and no acetone odor could be detected.
A standard microtiter plate was taped under the multiscreen plate. Then 60 l of PCR buffer was added to each well of the multiscreen plate and the multiscreen plate was sealed. DNA was released from the diatomite for 1 5 min at 56 C, and the DNA solutions were transferred to the lower microtiter plate by centrifugation. DNA solutions were used directly for PCR or were stored at -2 0 C. Sensitivity of the PCR assay. The sensitivity of the method described previously 1 and the multiscreen method was tested with serial dilutions of 1 6-1 8-hr broth cultures of P. multocida strain 47459 in the presence of salmon sperm DNA 1 and with spiked nasal and tonsillar swabs of specific-pathogen-free (SPF) pigs from our own breeding colony.
Positive control template to identify amplification failure. To be able to identify failure of PCR amplification, each DNA sample was spiked with a positive control template. Therefore, a 2 09 bp PvuII phage Lambda fragment was in-serted into a S tuI site of the 5' HindIII fragment of the toxA gene (Fig. 1 ) . Amplification of this internal positive control template with primer set 1 results in a fragment of 547 bp. The minimal amount of control template to be added was determined by titration so that its amplification would interfere as little as possible with the amplification of the target DNA.
Results
S pecificity of the primers. All primers yielded the expected PCR products with toxigenic P. multocida strains and no PCR product with nontoxigenic P. multocida strains at 55 C, 62 C, and 65 C. Primer set 1 yielded no PCR products with any of the other bacterial species tested, whereas primer set 2 yielded PCR products with E. coli, S . typhimurium, S . suis, and P. aerug inosa at 55 C and with E. coli at 62 C and 65 C. Primer set 3 yielded PCR products with E. coli and P. aerug inosa at 55 C but not at 62 C and 65 C. We continued with primer sets 1 and 3 and a PCR cycle program with an annealing temperature of 65 C.
S ensitivity of the PCR amplification and PCR assay. With chromosomal DNA of P. multocida, 2 5-50 fg of target DNA per reaction was needed for a positive test result. If the genome size of P. multocida is similar to that of E. coli, this amount of DNA corresponds roughly to 5-1 0 bacteria. In agreement with this, when lysates of serial dilutions of broth cultures of P. multocida were used, approximately 3 -3 0 bacteria/reaction were detected. In contrast, when lysates of spiked nasal or tonsillar swab specimens of S PF pigs were used, as many as 1 0 3 -1 0 4 bacteria/reaction were needed to obtain a positive test result. However, when DNA from such spiked swab specimens was isolated and purified with GuS CN and diatomite, as described previously, 1 only 1 0-1 00 bacteria were needed for a positive test result.
Multiscreen method. In the method described previously, 1 DNA is purified by extensive washing of the DNA-diatomite complex. Many centrifugation steps are required, which makes the method far too laborious for large-scale use. Therefore this method was adapted to microtiter plate format. In this adaptation, the diatomite-DNA is washed in multiscreen plates, which are microtiter plates with filters serving as bottoms of the wells. The DNA-diatomite complex remains immobilized on the filters while small unbound material and fluids are sucked through the filters. Washing fluids can be pipetted into the wells with a multichannel pipette.
With serial dilutions of broth cultures or spiked nasal and tonsillar swab specimens of S PF pigs, the diatomite-DNA complexes could be easily washed. Results were reproducible, and approximately 1 00-1 ,000 bacteria were needed for a positive test result.
With nasal and tonsillar swab specimens collected from field pigs, the results were not reproducible because the diatomite-DNA complexes could hardly be washed. Such specimens were often heavily contaminated with mucus and blood, and very tight DNAdiatomite complexes were formed that often clogged the filters of the multiscreen plates. To solve this problem, the swabs were incubated overnight with hyaluronidase to break down the mucus. This treatment promoted the multiplication of P. multocida. Hence, the total swab specimens were not needed for the test; samples of approximately 50 l were sufficient. With such small samples, DNA-diatomite complexes could be easily washed, and filters seldom clogged. S till, the assay detected just 1 spiked P. multocida in nasal and tonsillar swab specimens of S PF pigs.
Further adaptations of the PCR assay to the microtiter plate format were 1 ) the use of a thermocycler with heating blocks of microtiter plate format, 2 ) microtiter plates that fit into this blocks, and 3 ) the use of large gels with 1 2 times 8 wells, plus some extra wells for references, that could be loaded with all 96 samples of a microtiter plate. Combs were specially made so that the gels could be loaded with a multichannel pipette. Figure 2 Evaluation of the PCR assay, ELIS A, and bacteriologic culture under field conditions. The sensitivity of the PCR assay was compared with that of ELIS A and bacterial culture with 3 46 swab specimens collected from pigs of 9 herds known to be infected with toxigenic P. multocida. Most specimens tested negative with all 3 methods; 40 tested positive in the PCR assay, 2 8 tested positive in ELIS A, and toxigenic P. multocida was isolated from 2 2 specimens. All specimens from which toxigenic P. multocida was isolated were positive in the PCR assay (Table 1 ) but not all were positive in ELIS A (Table 1 ). With the exception of 2 , all specimens that tested positive in ELIS A were also positive in the PCR assay. The PCR assay was considered the most sensitive of the 3 methods used.
The specificity of the PCR assay, ELIS A, and bacterial culture method was compared with 3 72 swab specimens collected from pigs of 6 herds that are certificated to be free from the toxigenic P. multocida. All but 2 specimens tested negative in the PCR assay. These 2 specimens came from pigs of 1 litter and tested Figure 2 . An agarose gel stained with ethidium bromide, with 96 PCR products of nasal and tonsillar swab specimens collected from pigs of herds known to be infected with toxigenic P. multocida. The gel contains 2 x 6 rows of 8 wells for the PCR products and 2 x 6 rows of 1 well for references. When only the upper band is visible, which is the amplified fragment of the control template, the sample is considered to be negative. When the two lower bands, with or without the upper band are visible, the sample is considered to be positive. When no bands are visible, the result of the sample is inconclusive. only weakly positive. All specimens were negative in the ELIS A, and toxigenic P. multocida were not isolated from any of these specimens. The PCR assay, like ELISA and bacterial culture, was considered highly specific.
Discussion
A PCR assay for large-scale detection of toxigenic P. multocida in nasal and tonsillar swab specimens of pigs was developed. The assay is easy to perform, 96 samples can be processed simultaneously, and multiple 96-sample assays can be processed by 1 laboratory worker per day. The assay is rapid and not expensive, results can be available 2 4 hours after receipt of the specimens, and the costs of the materials are similar to those for isolation of toxigenic P. multocida. Furthermore, the assay appeared specific and sensitive when tested under field conditions.
The PCR assay was more sensitive than the other methods tested. This high sensitivity is due to the fact that P. multocida multiplies while the specimens are incubated overnight with hyaluronidase. Without this enrichment step, the PCR assay would probably be rather insensitive. Because the filters of the multiscreen plates clogged when a sample contained too much DNA, only 50 l of the specimens suspended in 1 ml PBS with hyaluronidase could be used for DNA isolation. At least 1 00 bacteria were needed for a positive test result when DNA was isolated and purified in multiscreen plates. Hence, each swab specimen must contain approximately 2 ,000 P. multocida organisms for a positive test result. S uch numbers of bacteria can be easily detected by conventional bacteriologic methods or ELISA. However, when the specimens that had been incubated with hyaluronidase were cultured on selective agar, the plates were completely overgrown by microorganisms other than P. multocida. Pasteurella multocida was not isolated from these plates, and extracts of the bacterial growth of these plates were negative in ELIS A (data not shown). Apparently, in contrast to bacterial culture and the ELIS A, the PCR assay is not hindered by these other microorganisms. Because the sensitivity of the PCR assay depends on multiplication of P. multocida, a disadvantage of the procedure is that swab specimens must be fresh and must be transported to the laboratory as soon as possible in a cool-box or in PBS with hyaluronidase in an incubator.
The multiscreen method also can be applied for other organisms. A similar PCR assay was developed for S . suis type 2 in tonsillar swab specimens of pigs. 21 In contrast to P. multocida, S . suis does not multiply during incubation with hyaluronidase. For the S . suis PCR assay to be sensitive and to obtain reproducible results, the swabs had to be incubated overnight in a selective Todd-Hewitt medium. 21 For P. multocida, a few other incubation media, e.g., brain-heart infusion broth, were also tested. However, incubation with hyaluronidase appeared superior because clogging of the filters occurred too often after incubation in other media.
The PCR assay uses 2 primer sets simultaneously. The main reason for this was that it was previously found that probes of the toxA gene hybridized with bacteria other than toxigenic P. multocida. Of the five probes tested, one hybridized strongly with sequences in tested strains of E. coli, K. pneumoniae, and S . typhimurium, whereas the other probes hybridized weakly with these strains or with sequences in a few nontoxigenic P. multocida strains. 9 These cross-reactions with E. coli can be explained if the E. coli strains used produce 1 of the 2 cytotoxic necrotizing factors. Recently, the genes encoding these factors were shown to share homology with the toxA gene of P. multocida 5,1 5 For the PCR assay, 3 primer sets in regions of the gene that only weakly hybridized with strains other than toxigenic P. multocida were selected. The specificity of these primer sets was tested with the same set of bacterial species used in the previous study. 9 Primer set 1 appeared specific, but the other 2 sets reacted with several species at 55 C, and set 3 reacted even at 65 C with E. coli. These cross-reactions were probably not the result of amplification of sequences in the genes encoding cytotoxic necrotizing factors 1 and 2 because sequence analysis revealed that it is unlikely that the primer sets give PCR products with these genes.
Recently, a PCR assay for differentiating toxigenic and nontoxigenic P. multocida was described. 1 4 This PCR assay uses 1 primer set in the toxA gene and appeared specific for toxigenic P. multocida when tested with various bacterial species from pigs. However, the PCR assay was not evaluated with clinical samples. Our PCR assay was developed for large-scale use with clinical samples. To minimize the risk of false-positive results, 2 primer sets were used simultaneously. Furthermore, by using 2 primer sets instead of 1 , confirmation with an internal probe was not considered necessary. When tested with clinical samples, aspecific amplification sometimes occurred, but the resulting fragments were not the same size as the amplification product of the toxA gene. Our PCR assay appeared specific when used to test nasal and tonsillar swab specimens collected from pigs of herds certificated to be free from toxigenic P. multocida. Only 2 of 3 72 swabs tested weakly positive with PCR. Whether these 2 swabs were true or false-positive is not known. Pigs of this herd were sampled 6 times afterwards but always tested negative in PCR.
If a PCR assay is to be used in a certification program, it is important to know whether a negative test result is true or false. To detect false-negative PCR results due to failure of amplification, an internal positive control template was constructed and spiked to each DNA sample. When false-negative PCR results occurred, those swab specimens were tested again. Most of them were then true negative. False-negative PCR 7 * results can also occur if target DNA is broken down by nucleases or is lost during purification. Our control template, which is added after the DNA is isolated 8. from the swab specimens, does not detect such falsenegative results. prevention of progressive atrophic rhinitis. Acta Pathol Microbiol Immunol Scand Suppl 1 00:2 5. Foged NT, Nielsen JP, Pedersen KB : 1 988, Differentiation of toxigenic from nontoxigenic isolates of Pasteurella multocida by enzyme-linked immunosorbent assay. J Clin Microbiol 2 6: 1 41 9-1 42 0.
In summary, we developed a PCR for large-scale 9 detection of toxigenic P. multocida in nasal and tonsillar swab specimens of pigs. The test is easy, rapid, specific, and more sensitive than bacterial culture or detection of toxin in extracts of primary cultures by 1 0. ELIS A.
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